To examine the hypothesis that the glans penis acts protectively, absorbing forces, during coitus. Five potent patients (mean age 46.8 7 9.7 y), who had indication for surgical excision of the glans for penile carcinoma were included in the present study. Intraoperatively, intracavernosal pressure (ICP) was adjusted by saline infusion and maintained by a pressure feedback infusion pump to a pressure value of 70 mmHg. Using a dynamometer, an external compressive force of 0.5 kg was applied at the glans penis and the changes in ICP were monitored. Measurements were repeated after surgical excision of the glans. Significant ICP changes were noticed in all patients after excision of the glans. Mean preoperative ICP was 161 7 11.5 mmHg, while after glansectomy it reached 206.6 7 13 mmHg. DICP was 45.8 7 10.57 mmHg. Two of the patients' partners reported pain during intercourse postoperatively, possibly due to the impact of the force applied by the rigid corpora cavernosa on the anterior vaginal wall without any absorption by the glans. The glans penis restricts the increase in ICP during sexual intercourse, playing a protective role for both the corpora cavernosa and the female genitalia.
Introduction
The glans penis is formed by the distal part of the corpus spongiosum, moulding over the distal rounded ends of the cavernous bodies. Although structurally the glans consists of sinusoids similar to those of the corpora cavernosa, the absence of the tunica albuginea in the glans differentiates its functional role during erection. Haemodynamic studies have shown that during erection, not only the arterial inflow but also the venous outflow are increased in the glans, due to the lack of corporal veno-occlusive mechanism. As a result, tumescence of the glans is noticed; however, it never becomes rigid. 1, 2 The functional significance of such observations remains unknown. It has been proposed that the engorged glans of the erect penis plays the role of 'shock absorber' during intercourse. 3 No data, however, are available to support this hypothesis.
In order to investigate the above research question, a clinical study was designed in order to evaluate intracavernosal pressure (ICP) changes upon axial loading on the glans penis, before and after surgical excision of the glans (ie glansectomy) in patients undergoing surgery for penile cancer. 4 The overall aim of the study was to investigate the functional role of the glans penis.
Material and methods

Study sample
The study sample was formed from patients with verrucous carcinoma of the penis, confined within the glans penis (stage Ta), who underwent surgical excision of the glans. 4 Initial evaluation included sexual history to determine potency status and penile lesion biopsy to confirm the diagnosis. Exclusion criteria included: (a) patients with voluminous tumours largely affecting the morphology of the penis; (b) indication for partial or radical penectomy; and (c) the presence of other penile pathology, such as Peyronie's disease or congenital penile deviation.
ICP measurements
Under general or spinal anaesthesia, degloving of the distal part of the penis was performed and both corporal bodies were cannulated in the distal dorsal aspect of the penile shaft with 21-gauge needles. One needle was connected to a pressure transducer, while the other to a pressure feedback infusion cavernosometric pump (Life-Tech Inc.). Using the infusion pump, the flow of heparinized saline was increased in order to reach and maintain an ICP of 70 mmHg; such an ICP value has been reported to be associated with rigidity adequate for vaginal penetration in most cases. 5 Using a dynamometer, an external compressive force of 0.5 kg was applied instantly on the glans penis. The short duration (2-3 s) application of the force has been chosen in order to mimic the 'piston-like' force application on the glans penis during coitus, when the penis instantly contacts the vaginal wall and cervix. Under this setting, real-time ICP monitoring allowed determination of ICP changes. The measurements were repeated after excision of the glans and the findings were compared.
Statistics
Results are expressed as mean7s.d. Comparison of ICP values was made using the Student t-test and statistical significance is expressed for P-values o0.05.
Results
Five potent patients (mean age 46.879.7 y, range 37-61 y) fulfilled the inclusion criteria and entered the present study. The mean time prior to diagnosis of the lesion was 1176 months. No history of sexual dysfunction was reported and all patients had normal morning erections and at least one successful intercourse during the last 3 months.
Significant ICP changes were noticed in all tested patients after excision of the glans ( (Figure 1) .
During 3 months follow-up, all patients reported normal sexual activity. Two of the patients' partners complained of pain during intercourse postoperatively. Detailed sexual history revealed that the pain was associated with erotic positions allowing the residual penis to reach the cul-de-sac and the cervix.
Discussion
Despite the vast increase in the knowledge of the physiology and pathophysiology of the erectile mechanism during the last 20 y, many aspects of sexual function are still unknown, especially regarding coital physiology. Actually, the present study investigates for the first time the physiologic role of the glans penis during coitus.
Structurally, the corpus spongiosum and glans penis are similar to the corpora cavernosa, except that the sinusoids are larger and with less smooth muscle and the tunica is thinner in the corpus spongiosum, consisting of only a circular layer, which is absent in the glans. 6 From the physiologic point of view, penile rigidity occurs mainly due to the entrapment under pressure of the blood in the fibroelastic envelope, known as the tunica albuginea. 7, 8 The haemodynamics of the corpus spongiosum and glans penis are different from those of the Role of glans penis during coitus DG Hatzichristou et al corpora cavernosa. During erection, the arterial flow increases in a similar manner; however, the pressure in the glans is only one-third to one-half than in the corpora cavernosa due to the lack of tunica covering. 9 Although the haemodynamic significance of such difference in structure is well described, its functional role remains unknown.
In order to investigate the functional role of the glans penis in the present study, the physiology of coitus was taken into consideration. The penis acts as a penetrating tool during intercourse. Achievement of penetration depends on the rigidity of the erect penis, defined as the ability of the erect penis to overcome a vaginally mediated axial compressive force, 10 as well as the resistance of the vaginal introitus. Vaginal resistance depends upon the mechanical properties and the geometry of the organ, as well as the physiological changes taking place during sexual stimulation. The age and hormonal status of the woman affect tissue characteristics of the vagina. 11, 12 Menopause-associated oestrogen level suppression results in vaginal arterial flow impairment and fibrosis. On the other hand, it is well known that diseases such as diabetes mellitus and atherosclerotic vascular disease induce a negative effect on vaginal lubrication. 11 Moreover, both multiparity and ageing may result in weakening of the pelvic floor muscles, which support the vagina. 12 Such alterations may affect dramatically the introitus resistance, and therefore vaginal penetration. Karacan et al, 13 reporting on the forces required for vaginal penetration, observed that a 500 g force is sufficient for intromission into a welllubricated vagina, while in postmenopausal women or unlubricated vaginas the essential forces may reach values as high as 1500 g.
Axial forces between 500 and 1500 g have been widely used in the literature to characterize an erection as functional. In the clinical setting of the present study, a baseline force of 500 g. has been selected, as it reflects the necessary force for vaginal penetration in healthy, premenopausal women. 13 A second technical problem addressed in the present study design was the appropriate duration of the application of the external loading; typically, during axial rigidity measurements, a dynamometer is applied on the glans penis for a period of approximately 10 s. 7 However, sexual intercourse typically involves about 100-500 thrusts (for a 2-10 min intercourse), at a rate up to two per second.
14 Therefore, for the purposes of the present study, a 0.5-kg axial loading of 2-3 s duration was chosen as the appropriate methodology, in order to mimic more closely the physiologic conditions of coitus. In pilot measurements using the above-described methodology during pharmacocavernosometry, it was noticed that such instant axial loading forces cause sudden ICP spikes whose magnitudes depend on the equilibrium ICP: the greater the equilibrium ICP, the higher the recorded spike during axial loading. Regarding the equilibrium ICP, a value of 70 mmHg has been arbitrarily selected, based on previous publications reporting that such an ICP value is sufficient to achieve rigidity capable for penetration in most men. 5 Using the above methodology in patients who underwent glansectomy for penile cancer, it was possible to assess ICP changes upon external axial loading before and after glans excision. Significant increases in ICP were noticed when the force was applied directly on the corpora cavernosa (37-61 mmHg). Such results clearly demonstrate that the glans penis protects the corpora by limiting the ICP reached during sexual intercourse.
Our results allow a consideration of the physiology and the mechanics of coitus. As the functional role of the erect penis is to be utilized as a cylindrical insertion tool for vaginal penetration, penile rigidity, that is, the ability of the erect penis to resist axial deformation upon external loading, may express the basic characteristic of potency. The erect penis is at risk for tunical, trabecular and intracavernous vasculature injury during any acute loading episode during intercourse. Several studies have demonstrated that ICP increases dramatically, resulting sometimes in tunical disruption and penile fracture. In such cases, ICP has been reported to exceed 1500 mmHg. 15, 16 The results of our study, showing that the glans limits the ICP increase upon external loading, demonstrate that the presence of the glans prevents corporal trauma during intercourse. A mechanical model has been developed to further support our findings and express the increase in ICP values in an erect penis with and without a glans and could be used for further research purposes (Appendix). Increased pressures are needed to resist penile buckling in episodes of acute axial loading during coitus.
Another interesting clinical observation of our study is the reported vaginal pain during coitus by two of our patient's partners. During sexual stimulation, the vagina shape and size change to accommodate the erect penis. 11, 12 Depending upon the geometry of the penis and the erotic position, the erect penis contacts certain areas of the vaginal wall as the vaginal axis is modified. In our cases, pain was noticed in erotic positions, where the glans of the erect penis was in contact with the anterior wall, an area associated with pronounced increase of the thresholds for pain detection and pain tolerance during sexual stimulation. 17, 18 A possible explanation for this observation could be that after glansectomy, the penetrating penis transmits forces directly on the sensitive anterior vaginal wall without any absorption by the glans, resulting in vaginal discomfort during coitus. It seems likely that a number of genital interaction scenarios occur during coitus, which may cause sexual dysfunction, making this field more challenging and provocative for future research. 12 Role of glans penis during coitus DG Hatzichristou et al
Conclusion
The present study clearly demonstrated that the absence of the glans penis is associated with 20-40% higher ICP values upon external loading of 0.5 kg force. Under physiologic conditions, such changes are expected to be even higher for several reasons that may increase force absorption by the glans penis: (a) the tumescence of the glans penis during arousal; (b) the higher equilibrium ICP typically achieved in healthy males during full-rigid erection; and (c) the higher forces that apply to the erect penis when it reaches the posterior vaginal wall.
In conclusion, the glans penis has a significant functional role, similar to the role that the glove plays for the boxers, restricting the high ICP values developing during coitus. It is anticipated that such function protects both the corpora cavernosa and the female genitalia, preventing corporal trauma during episodes of high external axial loading and vaginal pain in erotic positions where the thresholds for pain tolerance are pronounced.
The mechanical behaviour of the examined structure in this paper (penis with and without the glans) can be initially modelled as shown in Figure 2 .
Both cases (I, II) can be treated as columns subjected to an axial compressive static load, which in the specific application had a value of 0.5 kp.
The observation was made such that the pressures needed to render the two structures (I, II) capable to withstand the load P without buckling are: s I ¼ 206713 mmHg and s II ¼ 161711.5 mmHg, respectively.
This means that stresses s crI ¼ Às I and s crII ¼ Às II are developed in each section of the structures, respectively.
Considering buckling of a column, having Young's modulus E, length L, moment of inertia I and section A, and loaded with a compressive axial load, the critical load of components I, II can be expressed 
where V(x) is the deflection function. Since
From equations (1) and (3) we get
Splitting the integral on the left side of the inequality leads to
,
Considering that
can be reduced to
The function VðxÞ is of the type: VðxÞ ¼ C sinðx=LÞ, where C ¼ constant. Then V 0 ðxÞ ¼ =LC cosðx=LÞ
According to Abramowitz-Stegun 21 (relationship 4.3.139, p. 78), for a ¼ 0, n ¼ 2, b ¼ p/L 1 , and z ¼ x:
From equations (6) and (7) we can write 
Þ40 ð9Þ
From equations (8) and (9) we get
For a circular section
From equations (10) and E 1 oE 3 , given that the construction with glans is the initial penis construction, reinforced with the glans, thus leading to a higher value of Young's modulus.
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